Introduction
One in five Americans will develop cancer, making it the second leading cause of death in the US. About 5-10 percent of cancers are considered hereditary and occur in individuals genetically predisposed to developing cancer (1) . Inherited defects in DNA repair genes have been implicated in cancer susceptibility in colon (2) , breast (3, 4) , and ovarian (5) cancers. Early identification of cancer-susceptible individuals can aid in risk stratification, screening, and prevention. Unfortunately, there are few clinical signs of DNA repair defects, and universal genetic screening is currently cost prohibitive.
The skin is uniquely dependent on the DNA repair machinery for protection against UV-induced carcinogenesis. When this DNA repair mechanism fails, individuals may develop increased numbers of skin cancers. For example, patients with xeroderma pigmentosum harbor a defect in nucleotide excision repair (NER) genes, resulting in exquisite UV sensitivity and development of numerous skin cancers (6) . DNA repair mechanisms beyond NER, including base excision repair and mismatch repair (7) , have been also implicated in protection against UV mutagenesis, highlighting a complex, interconnected role of DNA repair mechanisms in the skin.
Basal cell carcinoma (BCC) is a relatively benign skin cancer caused by UV exposure, which develops in over 3 million people in the US annually (8) (9) (10) . We hypothesized that the constant barrage of UV-induced mutagenesis in the skin may uncover early deficiencies in DNA repair and, accordingly, that frequent BCCs could be a clinical marker of underlying defects in DNA repair. To investigate this, we assessed the prevalence of germline mutations in 29 cancer-susceptibility genes in a rare cohort of individuals who developed unusually frequent BCCs, which represented the top 5% of individuals with BCC seen at Stanford Hospital and Clinics. We further verified the association of frequent BCC and other cancer risk in a large national insurance database.
Innate DNA repair mechanisms play a critical role in protecting skin keratinocytes from UV mutagenesis and skin cancer development. We hypothesized that individuals who develop frequent skin cancers may harbor germline defects in DNA repair genes and have increased predisposition to internal malignancies. We enrolled 61 patients with unusually frequent basal cell carcinoma (BCC) development, seen at Stanford Hospital and Clinics from January 2005 until December 2015, for germline analysis of 29 DNA repair genes. In parallel, a case-control retrospective review was performed to interrogate the association of malignancies with frequent BCC development in a large US medical insurance claims database (Truven), which included 13,264 individuals with 6 or more BCCs from 2007 to 2011. 19 .7% of the frequent BCC cohort harbored pathogenic mutations in DNA repair genes: APC, BARD1, BRCA1, BRCA2, CDH1, CHEK2, MLH1, MSH2, MSH6, MUTYH, NBN, and PALB2. Individuals with 6 or more BCCs had an increased risk of other malignancies, with a 3.5-fold increase in the frequent BCC cohort and a 3.2-fold increase in the Truven database. Individuals who developed frequent BCCs have an increased prevalence of germline mutations in DNA repair genes and increased malignancy risk. Our data implicate frequent BCC development as an external marker of inherited cancer risk.
Results
High-frequency BCC cases. 61 (80.3%) of the eligible 76 high-frequency BCC patients were included in the study analysis. The majority of the enrolled cohort was male (n = 46, 75.4%), of European descent (n = 59, 96.7%), and had Fitzpatrick skin type 2 (n = 52, 85.2%) and an average age of 68.9 years in 2016 ( Table 1 ). The number of biopsy-confirmed BCCs during a 10-year observation period ranged from 6 to 65, with an average of 11.0 per patient. The average age at first skin cancer diagnosis was 44.1 years, and 10 (16.4%) subjects developed their first skin cancer before the age of 30 (Table 1) .
Germline pathogenic mutations. Among 61 subjects with high-frequency BCC, a total of 12 (19.7%) subjects harbored 13 Figure 2 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.122744DS1). In comparison, 3.0% of non-Finnish European patients in the Exome Aggregation Consortium (ExAC) had pathogenic mutations in these 12 genes (Supplemental Table 3 ). All 12 genes except APC, CDH1, and MUTYH reached statistically significant enrichment in the high-frequency BCC cohort when compared with the ExAC non-Finnish European population frequency (P < 0.05; Supplemental Table  3 ). One patient harbored two concurrent pathogenic mutations in BARD1 and MUTYH (Table 2) . Among the high-frequency cohort, there was no significant association between the presence of a mutation and BCC frequency (data not shown).
Cancer risk is increased in the frequent BCC cohort. 21 of 61 (34.4%) patients had a personal history of additional cancers, including 5 invasive melanomas and 5 hematologic, 2 breast, 2 colon, and 5 prostate cancers (Table 3) . Compared with the Surveillance, Epidemiology, and End Results-estimated (SEER-estimated) prevalence of any cancer in the 60-to 69-year-old population of European descent, the high-frequency BCC cohort had an increased risk of any cancer with a relative risk (RR) of 3.5 (95% CI: 2.5-4.9) ( Table 3 ). This increased relevant risk was particularly notable for invasive melanoma, potentially due to the additive effect of shared environmental risk factors (RR of 11.9, 95% CI: 5.1-27.6). High-frequency BCC subjects were also more likely to have an increased risk of leukemia and lymphoma, with an RR of 3.5 (95% CI: 1.5-8.0) (P = 0.004); colon cancer, with an RR of 4.5 (95% CI: 1.2-17.7) (P = 0.030), breast cancer, with an RR of 5.6 (95% CI: 1.6-20.5) (P = 0.009), and prostate cancer, with an RR of 4.7 (95% CI: 2.0-10.7) (P < 0.001).
Cancer risk in frequent BCC individuals in a large insurance claims data set. We hypothesized that if, indeed, a subset of individuals with high frequency of BCCs harbored genetic susceptibility to internal cancers, we would be able to detect increased cancer incidence in individuals with numerous BCCs in larger clinical data sets. We therefore investigated the prevalence of internal malignancy using the Truven MarketScan, a large medical insurance claims database, encompassing over 250 million individuals seen in the US annually. The BCC cohort identified in the Truven MarketScan database consisted of 111,562 subjects with 1 BCC, 13,264 subjects with 6 or more BCCs, and 2,920 subjects with 12 or more BCCs. The BCC cohort had an average age of 48.7, 50.1, and 50.0 years at first enrollment, respectively (Supplemental Table 4 ). The majority of the BCC subjects were between 40 and 59 years of age and were male (Supplemental Table  4 ). After adjustment for age and sex, subjects with 1, 6 or more, and 12 or more BCCs had an increased risk of any cancer compared with the control cohort, at an odds ratio of 1.61 (95%CI: 1.58-1.65), 3.12 (95%CI: 2.98-3.26), and 4.15 (95%CI: 3.79-4.53), respectively (Table 4 and Supplemental Table 5 ). The odds ratio for malignancy showed an upward trend with increasing number of BCCs. Consistent with the enrolled cohort, the Truven BCC cohort with 6 or more BCCs and 12 or more BCCs had an increased risk of colon, melanoma, and hematologic malignancies (non-Hodgkin lymphoma, Hodgkin's lymphoma, leukemia) compared with the control group ( Table 4 ). The comparison of age at first diagnosis with any cancer among the control group and cohort with 1 BCC and 6 or more BCCs highlighted a slight decrease in age of onset of 54.6 years, 53.7 years, and 54.0 years, respectively (P < 0.001) (Supplemental Table 6 ). The limited decrease in age between each BCC group may be a reflection of the relatively younger age of the Truven cohort and shorter duration of longitudinal follow-up from their enrollment time. These data confirm that individuals who develop numerous BCCs are at increased risk of developing internal malignancies.
Discussion
Our study identified frequent BCC development as a clinical sign of inherited cancer risk. Individuals who develop frequent BCCs have a higher prevalence of inherited mutations in DNA repair genes and are at increased risk of developing internal organ malignancies.
A total of 12 (19.7%) subjects from the high-frequency BCC cohort carried a pathogenic mutation in 13 cancer-susceptibility genes. This prevalence of inherited mutations is even higher than those reported in individuals with life-threatening malignancies, including metastatic prostate (11) (11.8%), primary ovarian (5) (18%), and stage I-III breast cancer (3, 4) (10.7%, 14.6%). All 12 genes with pathogenic mutations were involved in DNA repair pathway, including base excision repair (MUTYH), mismatch excision repair (MSH1, MSH2, MSH6), homologous recombination (BRCA1, BRCA2, NBN, PALB2), and DNA damage signaling and transduction (APC, BARD1, CDH1, CHEK2) (12) . Increased frequency of mutations in the DNA repair pathways may reflect the greater susceptibility of these individuals to the environmental contribution of UV damage. Consistent with this, prior studies have identified polymorphisms in DNA repair genes associated with increased risk of skin cancer development (13), suggesting a broader role for DNA repair in BCC.
Over 85% of individuals in the US develop their first skin cancer after 55 years of age (14) . The high-frequency BCC cohort developed their first BCC at an earlier age, averaging 44.1 years. In addition, 16.4% (n = 10) of the high-frequency BCC cohort developed their first skin cancer before the age of 30 compared with 1.3% of general population developing incident cases before age 35 (14) . The earlier onset of first skin cancer may suggest a higher contribution from genetic susceptibility in addition to increased environmental risk factors.
The frequent BCC cohort also harbored an increased risk of cutaneous and noncutaneous malignancies. Indeed, 34.4% had a history of additional cancers. A similar enrichment was observed in a large independent US claims data set (Truven), which included 13,264 registered individuals with 6 or more BCCs. The increased malignancy risk was observed in melanoma, breast, colon, and prostate cancer. The highest increase in risk was observed in other skin cancers, specifically melanoma and squamous cell carcinoma, likely due to shared UV A SEER counts are based on 2013 cancer prevalence proportions from the SEER registries and US population estimates based on the average of 2012 and 2013 population estimates by the US Bureau of the Census. The reference population used was of European descent, both sexes, and 60-69 years old (n = 27,199,318) unless otherwise indicated.
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Ovarian cancer values were based on the women in the cohort (n = 15). Prostate cancer values were based the men in the cohort (n = 46).
D
Other personal history of cancers included seminoma (n = 2), bladder (n = 1), thyroid (n = 1), Kaposi (n = 1) exposure; this is consistent with previous reports of high coincidences between melanoma and keratinocyte carcinoma (15) . While previous studies have not investigated malignancy risk in individuals who develop frequent BCCs, one longitudinal study of 190,000 individuals in Denmark identified an increased risk of internal malignancy after the diagnosis of one or more BCC (16) . Interestingly, patients receiving a diagnosis of BCC at a younger age had higher risk for developing subsequent internal organ cancers, including breast cancer and lymphoma, highlighting a potential shared underlying genetic susceptibility for BCC and internal malignancy.
Our findings implicate frequent BCC development as an external clinical marker of DNA repair deficiency and cancer susceptibility. Similar to cancer-prone phenotypes in other malignancies (12) , the frequent BCC population carries increased germline mutations for internal malignancy. The study has two key limitations. First, the genetic analysis is limited by small sample size of frequent BCC cohort (n = 61) in a single institution. Second, claims databases such as Truven MarketScan highlight the association between frequent BCC and malignancy but lack detailed clinical and demographic data, such as race and genetic testing results. Further studies are needed to determine if our findings are generalizable in independent cohorts.
Given the overall banal nature of BCC and the earlier onset of disease compared with internal malignancies, frequent BCCs may serve as a low-risk clinical marker to identify a subset of individuals at highest risk of internal malignancies. These patients may benefit from clinical screening for family history of malignancy and multigene cancer-susceptibility panel testing. However, a better understanding of how multigene panel testing can be incorporated in clinical care is warranted before a widespread implementation. In addition, a further characterization of gene-environment interaction in patients with frequent BCCs is needed to identify risk factors that may be independently associated with increased malignancy.
Methods
Study population recruitment. In a retrospective cohort study using pathology medical records, we identified 2,407 subjects with new biopsy-confirmed BCC seen at Stanford Hospital and Clinics between 2005 and 2015. Of the 2,407 subjects, 65.6% (n = 1,578) had a single BCC, 29.6% (n = 712) had 2 to 5 BCCs, 4.8% (n = 117) had 6 or more BCCs ( Figure 1A) . We defined frequent BCC development as 6 or more BCCs in the 10-year time frame, representing the top 5% of the total patients with BCC and termed this cohort the high-frequency BCC cohort ( Figure 1B ). Basal cell nevus syndrome patients were excluded from analysis A Statistically significant at P < 0.05. Odds ratios were calculated using logistic regression analysis. Data are adjusted for age at first enrollment and sex.
based on chart review. Of the 76 patients eligible for study recruitment, 63 patients enrolled, and saliva was collected for sequencing. After excluding two subjects with positive PTCH1 mutations, a final cohort of 61 subjects was included for study analysis (Supplemental Figures 1 and 3) .
Sequencing assay. 2 ml of saliva sample was collected from each enrolled subject using the OGR-500 collection kit (DNA Genotek). Germline DNA was extracted and subjected to targeted capture of all coding sequences using the Fulgent Genetics Focus Cancer panel array (Fulgent Diagnostics Table 1 ). The mean coverage across all genes was 53.8×. Identified pathogenic mutations were confirmed by Sanger sequencing.
Bioinformatics analysis and variant classification. Paired end reads were aligned to the hg19 reference human genome using BWA-MEM (18) (version 0.7.15; http://bio-bwa.sourceforge.net/), and duplicates were marked with Picard (version 2.4.1; http://broadinstitute.github.io/picard/). Germline variations were called using GATK HaplotypeCaller (19) according to the Best Practice guideline (20) (version 3.7; https:// broadinstitute.org/gatk). Annotations were performed using ANNOVAR (21) (version 2015 Jun17). Population allele frequencies were obtained from ExAC (22) , and BRCA1 and BRCA2 variants were similarly evaluated using Breast Cancer Information Core (https:// research.nhgri.nih.gov/bic/). The variants were additionally filtered for less than 1% population frequency to exclude common polymorphisms with low penetrance.
Truven MarketScan data set selection. The Truven Health MarketScan database represents claims data from approximately 100 commercial plans, representing over 250 million individuals in all US census regions from 2007 onward. The study met the criteria for Institutional Review Board human subjects determination waiver, as no identifiable protected health information is contained in the data set. Subjects ages 18 years or older with a diagnosis of BCC between 2007 and 2015 were identified. A diagnosis of each BCC event was based on a combination of ICD-9 CM codes and CPT codes associated with biopsy, destruction, excision, or Mohs (Supplemental Table 2 2011, while subjects with 6 or more BCCs were allowed to have a history of prior skin cancer. We selected 5 age-and sex-matched controls for each BCC case. Solid-organ malignancies, including breast, lung, stomach, colon, pancreatic, liver, bladder, renal/urinary, prostate, cancer, uterine, ovarian, and hematologic and other cutaneous cancers, were also determined from ICD-9 codes (Supplemental Table 2 ).
Statistics. Demographic characteristics were summarized with descriptive statistics, including mean, range, and SDs. Comparisons between each BCC groups (0, 1, and ≤6 BCCs) were made using the χ 2 test (categorical variables) and the 2-tailed Student's t test (continuous variables). A P value less than 0.05 was considered significant. Logistic regression was applied to estimate the associations between BCC groups and controls for each cancer for Truven data set analyses. RR, its standard error, and 95% confidence intervals were calculated according to Altman (25) . All analyses were performed using SAS Institute Inc. (version 9.4). Data analyses were performed by HGC and SL.
Study approval. The present study in humans was reviewed and approved by the Stanford Institutional Review Board. Subjects provided informed consent prior to their participation in the study, and written consent was received from participants prior to inclusion in the study (IRB-36263). Written informed consent was provided for use of the patient photo that appears in the manuscript.
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